This study draws a relationship between filter mass loading, percent loss using the mass loading data collected, and previous studies of self-absorption. The mass loading consists of particulate dust, radioactive particulates, and filter material. A study by Higby [1984] calculated a minimum burial depth for an alpha particle to be lost due to absorption (100% loss) of about 3. . Mass loadings in this latter study included dust loading plus the mass of the front layer of filter. This study examined light dust loadings (averaging about 0.1 mg cm -2 ) on filter material and compared this with other literature data to estimate losses at typical mass loadings on filters from PNNL sampled exhaust sites.
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Summary
This study draws a relationship between filter mass loading, percent loss using the mass loading data collected, and previous studies of self-absorption. The mass loading consists of particulate dust, radioactive particulates, and filter material. A study by Higby [1984] calculated a minimum burial depth for an alpha particle to be lost due to absorption (100% loss) of about 3.7 mg cm -2 based on calculations for the range of 239 Pu alpha particles in glass fiber filters. Luetzelschwab et al. [2000] recommended assuming a 40% loss at a loading of 3.3 mg cm -2 and a 28% loss for a loading of 2.3 mg cm -2
. Mass loadings in this latter study included dust loading plus the mass of the front layer of filter. This study examined light dust loadings (averaging about 0.1 mg cm -2 ) on filter material and compared this with other literature data to estimate losses at typical mass loadings on filters from PNNL sampled exhaust sites.
During an 18-month period, 116 samples were collected and analyzed from 8 different building stacks. Under normal operating conditions at the stacks monitored by Effluent Management, the mass loading of sample filters averages 0.09 + 0.12 (2σ) mg cm -2 (excluding negative values and outliers) and ranges from 0 mg cm -2 to 0.24 mg cm -2 . This study presents two different methods of relating percent loss due to selfabsorption to filter mass loading: exponential and linear relationships based on data from Luetzelschwab et al. [2000] and Higby [1984] . In general, samples have losses of less than 19% using the conservative exponential model and less than 7% using the linear model; therefore, a correction factor of 0.85 remains conservative.
For higher accuracy, the Effluent Management group recommends that each filter be weighed before and after installation on the sampling system. Having tare weights and gross weights allow the mass loading of each filter and any applicable correction factors to be determined on a case-by-case basis. Over an 18-month period from February 2009 to July 2010, EM coordinated an effort to collect and analyze the mass loading from 116 samples from 8 different building stacks. EM also randomly chose 11 unused filters to be analyzed in order to determine background radiation and the theoretical zero mass loading. All of these samples were collected and analyzed in order to evaluate the current correction factor being used. 3000 membrane filters. EM manages the analyses of the filters for alpha and beta activity to determine the total amount of radioactive air emissions. ANSI/HPS N13.1-1999, Sampling and Monitoring Releases of Airborne Radioactive Substances from the Stack and Ducts of Nuclear Facilities, recommends that if the penetration of radioactive material into the filter collection media or self-absorption of radiation by the material collected would reduce the count rate of radioactive particles by more than 5%, a correction factor should be used [ANSI 1999] . Since the mid-1980s, PNNL has used a correction factor for selfabsorption of alpha particles of 0.85 based on similarity of filter media, particle size, and flow rates [Higby 1984 , Barnett et al. 2009b . EM has historically applied the same correction factor equally to samples analyzed for beta particles. This correction factor of 0.85 assumes approximately 15% losses in the count rate of both alpha and beta particles.
A previous study [Barnett et al. 2009a] purposed to directly measure the losses due to selfabsorption of filters collected from PNNL facilities. The study first counted the activity directly from the sample filter, then acid-digested the filter, dried the sample material onto a planchet, and measured the activity again. The acid-digestion process should have eliminated the effects of self-absorption or penetration into the collection media. Unexpectedly, the activity measured after digestion was less than that measured before digestion in most of the samples. This was attributed to lack of precision in the digestion, the analysis process, and large instrument sensitivity error at the extremely low levels of radioactivity on the filters. Barnett et al. [2009a] also concluded that the results did not suggest significant particulate penetration through the filter based on visual observation since particles of interest were not observed on the downstream side of the filter.
The Versapor ® 3000 membrane filters used in this study are composed of an acrylic copolymer on a nylon substrate. They have a 3-µm pore size, a 47-mm diameter, and a thickness of about 50 µm [Barnett et al. 2009b] . After installation on a fixed-head radioactive air stack sampler, the active diameter decreases to about 41 mm (13.2 cm 2 active sampling area). This study purposes to draw a relationship between filter mass loading and percent loss using the data collected and previous studies of self-absorption. The mass loading consists of particulate dust, radioactive particulates, and filter material. A study by Higby [1984] calculated a minimum burial depth for an alpha particle to be lost due to absorption (100% loss) of about 3.7 mg cm ) on Versapor ® 3000 filter material and compared this with other literature data to estimate losses at typical mass loadings on filters from PNNL sampled exhaust sites.
Methods

Filter Mass Loading
EM collected 116 filter samples over an 18-month period from 8 different laboratory emission stacks. Each filter was given a unique identification (ID) number and weighed using a MettlerToledo AT 400 analytical balance b
Activity Counts
to determine a tare weight before installation. The sample system pulled a sample of stack effluent air through the filters continuously for 2 weeks. Researchers then removed each filter from the sampling system and weighed it again to determine the mass loading on the filter, as well as recording a description of visible filter loading (e.g., light dust, medium dust, and dark brown).
After the above procedure was complete, an LB4100/W Low Background Alpha/Beta Counting System c b Mettler-Toledo, Inc., 1900 Polaris Parkway, Columbus, OH 43240. counted the filter for a standard count time of 10 min in a 2π geometry by gas-flow proportional counting, which has an average alpha detector efficiency of 35 + 3% and an average beta detector efficiency of 55 + 3%. An analyst mounted the 47-mm filter directly on a planchet with the loaded face of the filter exposed and placed double stick tape on a 50.8 mm diameter by 3.2 mm-deep stainless steel dish and secured the filter using tweezers or a small glass rod to manipulate the filter. If the filter extends beyond the lip of the planchet dish, additional tape may be used to help hold down a curled filter. The detector system uses commercial grade P-10 gas c Canberra Industries, Inc., (formerly Oxford Nuclear Measurements Group, Oxford Instruments Ltd.), 800 Research Parkway, Meriden, CT 06450.
(90% argon and 10% methane) during counting. Adjusting the instrument discriminator settings controls alpha and beta instrument crosstalk.
In order to determine the background activity, the same LB4100/W Low Background Alpha/Beta Counting System analyzed the 11 unused filters for 500 min each.
Results
Filter Mass Loading
EM calculated the filter mass loading values in order to determine the statistical range of typical filter mass loading at PNNL facilities. In later sections, this paper will demonstrate a relationship between filter mass loading and percent loss of alpha activity detection due to self-absorption using previous data, allowing the assessment of the current correction factor of 0.85 for the typical mass loading values from PNNL facilities.
Appendix A shows the data from the 116 filters that were analyzed. . The largest value is 40.5 mg or 3.07 mg cm -2
. All four unusually high values came from the same month and suggest an anomaly. Also, the tare weights of the filters with the two highest loadings were more than two standard deviations below the average filter weight. This means that the gross weights do not need to be unusually high to result in very high mass loadings. The four high loadings are suspect and are considered outliers.
If the negative loadings and the one month of abnormally large loadings are omitted, the mass loading mean and standard deviation is 0.09 + 0.06 mg cm -2 and ranges from 0 mg cm -2 to 0.24 mg cm -2 . This value of 0.24 mg cm -2 is the assumed upper bound of normal particulate mass loadings that will be used throughout this paper.
Activity Counts
Sample Filters
The alpha and beta activity of each of the 116 sample filters was measured. The activity of each of the filters was counted and subsequently converted into a mass of radioactive particles using the following equation.
Radioactive Mass = Measured Activity/Specific Activity (1) For alpha particles, the analysts used the specific activity of 0. This conversion of activity into mass helped to determine whether radioactive particles play a large role in the mass loading of the filter. The largest total mass of radioactive alpha and beta particles from the 116 filters was 1.9 x 10 -8 mg, many orders of magnitude below the detection ability of the Mettler-Toledo mass balance. Appendix A contains the full data set.
Unused Filters
Analysts also counted the activity of 11 unused filters for this study (see Table 1 ), converting the background activity into a mass using Equation 1 and the specific activities given above. This yields a background mass-loading average of 1.3 x 10 -12 mg cm -2 for the unused filter, with the activity primarily from beta emitters, using the specific activity of 137 Cs and a filter area of 13.2 cm 2 . 
Percent Loss as a Function of Mass Loading
Theoretical Rationale
In order to develop a function relating percent loss to loading of the filter, one must assess the fundamental relationship between the two. A very small amount of material can block the radiation from alpha particles. If a certain thickness of other particles covers the alpha particle, then the radiation will be blocked and not be counted. Higby [1984] calculated that this occurs at a mass distribution of 3.7 mg cm -2 on glass-fiber filters for an alpha particle from 239 Pu. As the mass loading decreases, less of the radiation from alpha particles is blocked, and a greater percentage of alpha particles will be counted. Luetzelschwab et al. [2000] suggest that when the mass loading is 3.3 mg cm -2 , 40% of alpha particles will not be counted, and if mass loading is 2.3 mg cm -2 , 28% of alpha particles will not be counted. These values are from calculations of absorption curves as a function of absorber thickness for alpha particles using an energy of 5.0 MeV. The mass loading in the calculation includes both mass of the front layer of the glassfiber filter (estimated to be 1.3 mg cm -2 ) and mass of the material deposited on the filter. Assuming a standard 1.3 mg cm -2 front filter loading, the data from Luetzelschwab et al.
[2000] attribute 28% and 40% absorption losses to incremental dust loadings of 1.0 and 2.0 mg cm -2 respectively. Higby [1984] provides self-absorption data for filters loaded only with radioactive aerosol, considered a light loading. The measured losses of 0 to 24% (depending on particle size and face velocity) compare well with the calculations by Luetzelschwab et al. [2000] using the thickness of the front filter layer alone.
Visual microscopy provided by Barnett et al. [2009b] demonstrates that the Versapor ® 3000 membrane filters are surface collectors. That study stated that no particles were observed on the downstream side of the analyzed filters. However, more studies are needed to quantify the burial depth of radioactive particles in the 47 mm diameter, 50 µm thick Versapor ® 3000 membrane filters. Data presented by Geryes et al. [2009] show most of the activity depositing in the top layer of a filter, with exponentially less material embedded further down. These experiments had similar face velocities of 1 to 9 m s -1 compared to 0.35 to 1.1 m s -1 at PNNL but the top layer of the Geryes et al. If the assumption that the membrane filters are surface collectors is true, a burial depth of about one tenth the total thickness of the filter might be appropriate. This thickness would be 0.61 d Due to the nature of radiation from alpha emitting sources, a logical relationship between percent loss and mass loading would give loss as an exponential function of loading. At low levels of mass loading, there is a small percent loss. Once mass loading reaches a certain value, loss increases exponentially with increasing mass loading until loss is 100%. Another method for determining percent loss given a certain mass loading could be a linear relationship, which appears to be closer to that shown in the absorption curves presented by Luetzelschwab et al. [2000] . mg cm -2 for the filters used in this study. The value of 1.3 mg cm -2 used by Luetzelschwab et al. [2000] to represent the front filter layer might also be appropriate given the similar size of filters.
Functions 3.3.2.1 Exponential Using Three Points
Using the exponential relationship between percent loss and mass loading, the most basic relationship that can be derived comes from the three experimentally-determined points. The study by Luetzelschwab et al. [2000] gives the values of 28% loss at 2.3 mg cm -2 and 40% loss at 3.3 mg cm -2 when the front layer of the glass fibers is included in the loading, or 28% loss at d Dividing the mean tare weight of 0.1054 g by 10 and allocating that weight over the face of the 47 mm diameter filter.
1 mg cm -2 and 40% loss at 2 mg cm -2 with dust loading alone. Higby's study gives the value of 100% loss at a thickness of 3.7 mg cm -2
. Figure 2 and Equation 2 below represent the best fit exponential equation and graph of these three data points using dust loading alone. Equation 2 requires a loading value with units of mg cm -2 that does not include the front filter loading; in effect, it assumes a front filter loading of 1.3 mg cm -2 as given by Luetzelschwab et al [2000] . The equation fits the three data points with a coefficient of determination (R 2 ) of 0.99; it does not assume zero losses with no loading (e.g., new unused filters for background determinations). Using this equation, the expected percent loss for PNNL filters with average loadings of 0.1 mg cm -2 are 17% and loadings up to 0.24 mg cm -2 are 19%. Using this exponential function, as loadings trend toward zero, the percent loss trends towards just under 17%.
Linear Relationship
The same data points used to evaluate the exponential relationship can be used to consider a linear relationship. In addition, a membrane filter with zero loading will theoretically have zero loss and thus the intercept can be forced to zero for a fourth data point. 
Assessment of Percent Loss Values
EM staff utilized two different methods of developing equations that relate percent loss to the mass loading of a filter, and also determined the range of typical and atypical mass loading values at PNNL facilities. The upper bound of the typical particulate mass loading values is 0.24 mg cm -2
, and the upper bound of the atypical mass loading values is 3.07 mg cm -2
. Table 2 gives the percent loss at the typical upper bound as calculated from the different equations. Table 3 gives the percent loss at the atypical mass loadings as calculated from the different equations. 
Visual Inspection
In order to see whether unusually high loadings could easily be observed, analysts observed and recorded the color of the filter after sample collection for each of the 116 filters analyzed. If the filters with high mass loadings were easily identified by a darker color, these filters could be analyzed separately by acid-digesting the filter to recover all radioactive particles, as was done in the study by Barnett et al. [2009b] . If the highly-loaded filters could be readily identified, there would be no need to record the tare weight of every filter prior to installation in order to measure the mass loading. Highly-loaded filters could simply be removed and analyzed separately. Unfortunately, the visual observations did not sufficiently identify filters with unusually high mass loading. Appendix A presents the observations showing this lack of correlation between mass loading and dark color observations.
Conclusions
Under normal operating conditions at the stacks monitored by EM, the mass loading of sample filters averages 0.09 + 0.12 (2σ) mg cm -2 (removing negative values and outliers) and ranges from 0 mg cm -2 to 0.24 mg cm -2 . This study presents two different methods of relating percent loss due to self-absorption to filter mass loading: exponential and linear relationships based on data from Luetzelschwab et al. [2000] and Higby [1984] . These methods resulted in approximate 6% and 19% loss using the linear and exponential relationship respectively at the maximum typical mass loading as seen in Table 2 . ANSI/HPS N13.1-1999, Sampling and Monitoring Releases of Airborne Radioactive Substances from the Stack and Ducts of Nuclear Facilities, recommends that if penetration of radioactive material into the collection media or self-absorption of radiation by the material collected would reduce the count rate by more than 5%, a correction factor should be used. Therefore, the correction factor of 0.85 remains conservative.
For higher accuracy, each filter may be weighed before and after installation on the sampling system. Thus, having tare weights and gross weights allows the user to determine the mass loading of each filter and apply any applicable correction factor on a case-by-case basis. 
